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O ■ ABSTRACT 

^ ■ 

NGC 4649 (M60) is one of a handful of giant Virgo ellipticals. We have obtained 
Gemini/GMOS spectra for 38 GCs associated with this galaxy. Applying the multi- 
index x" 2 minimisation technique of Proctor & Sansom (2002) with the single stellar 
population models of Thomas, Maraston & Korn (2004) we derive ages, metallicities 
and a-element abundance ratios. We find several young (2-3 Gyr old) super-solar 
metallicity GCs, while the majority are old (>10 Gyrs), spanning a range of metallic- 
ities from solar to [Z/H]=-2. At least two of these young GCs are at large projected 
radii of 17-20 kpc. The galaxy itself shows no obvious signs of a recent starburst, in- 
teraction or merger. A trend of decreasing a-element ratio with increasing metallicity 



■ is found. 



Key words: globular clusters: general - galaxies: individual: NGC 4649 - galaxies: 
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1 INTRODUCTION 

Accurately determined ages, metallicities and a-element 
abundances of globular cluster (GC) systems across the en- 
tire range of galaxy types can provide strong constraints for 
galaxy formation models. One example of such a constraint 
is the recently observed trend of decreasing ct/Fe ratios with 
increasing metallicity for extra-galactic GC systems (Puzia 
et al. 2005; Pierce et al. 2005a,b). This trend restricts the 
allowable chemical enrichment histories, relative contribu- 
tion of Type la vs Type II supernova, and star formation 
timescales for galaxies well beyond the Local Group, where 
there is little possibility of directly resolving stellar popula- 
tions. 

To accurately measure ages, metallicities and abun- 
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dance ratios with Lick indices from low-resolution spectra 
requires a minimum S/N of ~30, which corresponds to an 
H/3 error of ±0.3A (Cardiel et al. 2003). With an integration 
time of ~8 hours on an 8-metre class telescope it is possible 
to obtain multi-object spectra to this depth for the brightest 
GCs of a rich GC system for galaxies within ~20 Mpc of the 
Milky Way. 

A major aim of most moderate to high S/N GC spec- 
troscopy has been to measure ages and hence infer when GC 
formation occurred. Spectroscopic follow-up is a complimen- 
tary approach to recent photometric results. Rhode, Zepf & 
Santos (2005) show that the mass- normalised number of blue 
GCs increases with host galaxy mass. This suggests that the 
formation of blue GCs is affected by the mass of the host 
halo. The observed "blue tilt" correlation between GC lu- 
minosity and colour of the blue, metal-poor, sub-population 
(Strader et al. 2005; Harris et al. 2005) requires significant 
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spectroscopic follow-up to be both confirmed and under- 
stood. Another property of the blue sub-population to be 
studied is the correlation between host galaxy luminosity 
and mean blue GC sub-population colour (Strader, Brodie 
& Forbes 2004b), which implies a correlation between galaxy 
mass and blue GC metallicity. This is another indication 
that the formation of blue GCs is affected by the mass of 
the host halo. 

The majority of the most recent GC spectroscopy for 
large ellipticals has focused on group ellipticals (e.g. NGC 
1052 Pierce et al. 2005a; NGC 3379 Pierce et al. 2005b; NGC 
3610 Strader et al. 2003,2004a; NGC 5128 Peng et al. 2004; 
NGC 2434, NGC 3379, NGC 3585, NGC 5846 and NGC 
7192 Puzia et al. 2004). 

From the literature there are several large ellipticals in 
clusters for which GC spectra have been analysed to measure 
ages and metallicities. Cohen, Blakeslee & Ryzhov (1998) 
present spectral indices for 150 of M87's GCs. These vary in 
S/N, with a sizeable fraction of high enough quality to be 
useful. Co-adding GCs of similar metallicity, they find the 
GCs are generally old (>10 Gyrs) with metallicities span- 
ning from [Fe/H]=-2 to above solar. Cohen, Blakeslee & 
Cote (2003) measure metallicities for 47 GCs associated with 
NGC 4472 (M49). However the S/N is less than 30 for all 
of the spectra and therefore ages for individual GCs can- 
not be measured with any confidence. Beasley et al. (2000) 
co-added spectra for NGC 4472 GCs finding both the metal- 
rich and metal-poor sub-populations to be old. 

For the Fornax cluster, Kissler-Patig et al. (1998) mea- 
sured metallicities for 18 GCs around NGC 1399. Forbes 
et al. (2001) presented higher S/N spectra for 10 GCs and 
found two to be young (1-2 Gyrs). From the Goudfrooij et 
al. (2001) spectroscopic sample of NGC 1316, only the spec- 
tra of 3 exceptionally bright GCs have high enough S/N 
to measure ages. The Lick indices of all 3 bright GCs in- 
dicate a young age (~3 Gyrs) corresponding to the host 
galaxy's recent merger event. The GC colour-magnitude plot 
for NGC 1316 is atypical in that there is a significant pop- 
ulation of bright, intermediate-colour GCs. 

One galaxy with what appears to be conflicting re- 
sults is NGC 4365 in the Virgo cluster. Brodie et al. (2005) 
present spectroscopic results for NGC 4365 GCs and find 
some GCs previously thought to belong to an intermediate 
age sub-population (Larsen et al. 2003; Puzia et al. 2002), 
are in fact an intermediate metallicity sub-population with 
old ages. Kundu et al. (2005) present HST NIC3 H-band 
data and find that these agree with earlier claims of a GC 
sub-population with intermediate ages 2-8 Gyrs. There ap- 
pears to be no consensus yet for the GC population of this 
galaxy, unlike other systems. 

While possessing a larger GC population, cD and 
brightest cluster galaxies have the additional complication 
of GCs potentially associated with the cluster potential. The 
Virgo cluster elliptical NGC 4649 (M60) is a worthy target 
for GC spectroscopy as a non-central, giant, cluster ellipti- 
cal. 

NGC 4649 (M60) is luminous, M v =-22.38, and rela- 
tively nearby at D=16.8 Mpc. UV data for the galaxy light 
suggests a major old population, plus minor on-going star- 
formation (Magris & Bruzual 1993). However, from optical 
spectra, Terlevich & Forbes (2002) measure Lick indices and 
obtain an age of 11 Gyr, metallicity of [Fe/H]=+0.3 and 



[Mg/Fe]=+0.3 for the central regions of the galaxy. The 
Chandra X-ray observations of Randall et al. (2004) find 
some structure in the diffuse gas. 

The GC imaging study of Forbes et al. (2004) found 
the standard colour bimodality and Sat =4.1. Assuming the 
two sub-populations have similar mass functions, this sug- 
gests a similar formation age. NGC 4649 is one of the galax- 
ies with the observed "blue-tilt" (Strader et al. 2005). Re- 
cently Spitler et al. (2006) have shown that the "blue-tilt" 
is present amongst the GC population of a nearby spiral 
galaxy, the Sombrero. Unfortunately our spectroscopic sam- 
ple does not sample far enough down the luminosity function 
to adequately test hypotheses regarding the "blue-tilt" . 



2 OBSERVATIONS AND DATA REDUCTION 

The observations described below are part of Gemini pro- 
gram GN-2002A-Q-13. GC candidates were selected from 
Gemini North Multi-Object Spectrograph (CMOS; Hook 
et al. 2002) imaging, obtained during 2002 April, for three 
fields around NGC 4649. The data reduction and GC can- 
didate selection process is described in Forbes et al. (2004) 
and Bridges et al. (2006). 

GMOS masks for three fields were designed, but only 
the central field was observed within the time allocated. 
Spectra of NGC 4649 globular clusters were obtained with 
GMOS on the Gemini North telescope during 2003 on May 
31, June 1, June 4 and June 27. Seeing ranged from 0.65- 
0.9 arc-seconds over the four nights. Exposures of 16 x 1800s 
were taken, yielding a total of 8 hours on-source integra- 
tion time. Bias frames, dome flat-fields and Copper-Argon 
(CuAr) arc exposures were taken as part of the Gemini base- 
line calibrations. From the CuAr arcs, wavelength solutions 
with typical residuals of 0.1 A were achieved. 

These data were reduced using the Gemini/GMOS 
packages in IRAF and a number of custom made scripts 
(see Bridges et al. 2006 for details). After some experimen- 
tation, optimal (variance) extraction was found to yield the 
best results since our data are over-sampled on the detector. 
In some cases, objects were too faint to trace individually 
and we therefore co-added several 2-d images, taken adja- 
cent in time, to act as a reference for the extractions. We 
verified beforehand that flexure was minimal between the 
reference images. Finally, the extracted spectra were me- 
dian combined and weighted by their fluxes with cosmic ray 
rejection. 

In the absence of any velocity standard stars, the reces- 
sion velocities were measured by using six Bruzual & Char- 
lot (2003) model stellar energy distributions (SEDs) for 14 
and 5 Gyr ages with metallicities [Fe/H] = -1.64, -0.33 and 
+0.1. The task FXCOR in IRAF was used and the average 
was taken. Objects with recession velocities in the range 
1100±600 km/s are potentially associated with NGC 4649. 
These are presented in Table 1. There was one background 
object (a QSO at z~0.5) out of the 39 spectra obtained. Our 
low contamination rate of 2.5% is due to good imaging and 
colour selection. 

In order to measure Lick indices, we convolved our spec- 
tra with a wavelength-dependent Gaussian kernel to match 
the resolution of the Lick/IDS system (see Beasley et al. 
2004b). Lick indices (Trager et al. 1998) were measured from 
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our spectra. Due to the variable wavelength ranges in these 
spectra, the same set of indices could not be measured for all 
spectra. However, all covered a wavelength range of 4500- 
5500 A. Uncertainties in the indices were derived from the 
photon noise in the unfluxed spectra. No Lick standard stars 
were observed so we therefore cannot fully calibrate the GCs 
onto the Lick system (see Pierce et al. 2005b). Consequently 
there are some small systematic differences between some of 
the measured indices and those used in the SSP models. 
These issues are discussed further in Sections 3 and 4. Mea- 
sured line indices and are presented in Tables 2 and 4. Line 
index uncertainties are presented in Tables 3 and 5. The fi- 
nal spectra have S/N = 5-21 A -1 at 5000 A, giving errors 
in the H/3 index of 0.12-0.38 A. 



3 AGES, METALLICITIES AND a-ELEMENT 
ABUNDANCE RATIOS 

In this section we describe the measurement of ages, metal- 
licities and a-element abundances which are presented in 
Table 6. We apply the x 2 multi-index fitting technique of 
Proctor & Sansom (2002) for this analysis. This method in- 
volves the comparison of the measured Lick indices with SSP 
models (its application to extra-galactic GCs is described 
fully in Pierce et al. 2005a,b). The SSP models of Thomas, 
Maraston & Korn (2004; hereafter TMK04) were chosen be- 
cause these include the effect of a abundance ratios on the 
Balmer lines, unlike the models of Bruzual & Chariot (2003) 
and Vazdekis (1999). 

We compare the measured Lick indices to the TMK04 
SSPs and obtain a minimum \ 2 fit- This fit is initially sought 
using all the indices measured. Simultaneously, a set of x 2 
minimisation fits are found with each of the indices omit- 
ted. From this set, we select the fit with the lowest total x 2 > 
remove the necessary index and repeat until a stable fit is 
achieved with no highly aberrant (> 4 a) indices remaining. 
All GCs had some indices that were significant outliers to 
the fit and therefore removed during this process. The er- 
rors given for the derived parameters are statistical la con- 
fidence intervals calculated by a Monte Carlo style method 
(see Proctor et al. 2004 and Pierce et al. 2005a for details). 

The molecular band indices Mgi and Mg2 are system- 
atically offset due a number of calibration issues and were 
excluded for all GCs (see Proctor et al. 2005; Pierce et al. 
2005b). Similar to other GC studies (e.g. Beasley et al. 
2004a) we find the CN indices to be enhanced relative to 
the models and therefore they were also removed. 

From our sample of 38 GCs, 8 had poor or uncertain 
fits. We will identify these with open symbols in all figures. 
In particular, GC 640 is found to be very metal-poor. We 
find a Brodie-Huchra (Brodie & Huchra 1990) metallicity of 
-2.6 dex, which is 0.85 dex lower than any other GC in this 
sample. Many of the metal sensitive indices are below the 
values spanned by the SSP grids. One consequence of the 
low [Fe/H] is a high [E/Fe] uncertainty. 

For GC 1443 there exists a conflict between the indices 
Fe4531, Fe5270 and Fe5335 which suggest a low metallicity 
and Fe4383, C4668, Fc5406, Fe5015 and Mgb which suggest 
the GC has super-solar metallicity. We find the more com- 
pelling fit is for a young and super metal-rich GC, however, 
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Figure 1. SSP fit mctallicities and ages. GCs with uncertain 
fits are shown as open points. The majority of GCs are old (> 10 
Gyrs) with a small number of young, very metal-rich GCs (shown 
as squares) and several GCs with potentially intermediate ages. 



this result is uncertain. Neither the Brodie-Huchra metallic- 
ity nor the photometric colours offer any strong constraint. 

Low S/N makes a stable fit difficult for GCs 158 and 
318. The inclusion or exclusion of single indices, that are 
well below any clipping threshold, can change the resulting 
fit. GC 318 is potentially part of the so-called "H" GC sub- 
population noted by Strader et al. (2005) of intermediate 
colour GCs, at approximately the turn-over magnitude. GC 
158 is in the magnitude range as well, but is too red to be 
considered a part of this sub-population. 

For GC 298, H/3 and H7 suggest different ages (similar 
to the Galactic GC NGC 6171, see Proctor et al. 2004). The 
metal sensitive indices suggest that this GC is metal-poor 
and therefore more likely to be older than 5 Gyrs. 

The ACS images (Proposal 9401, see Bridges et al. 
2006) show GC 558 is extended and therefore is possibly 
a stripped dwarf. The x 2 fit for 558 gives an old, metal-poor 
population with an apparently negative [E/Fe]. If this re- 
ally is a stripped dwarf we do not necessarily expect to be 
able to fit it with a single stellar population due to potential 
stellar population gradients. We note that there are complex 
issues with sky subtraction around Mgb for this object on 
some nights, therefore Mgb is not included in the fit for this 
object. 

We find two GCs, 517 and 1182, which appear to be of 
intermediate age ~5 Gyrs. Both are around solar metallicity 
QZ/H]~0), but with differing [E/Fe] (+0.3 vs -0.06). It is 
not clear whether these GCs are in fact intermediate aged 
or if the age-metallicity degeneracy is not broken effectively 
in these cases. 

The three clearly young and metal-rich GCs are 89, 175 
and 502; these will be shown as squares on all plots. Their 
a-element abundance ratios are all [E/Fe]~0.3 within errors. 
It is interesting to note that these GCs are not amongst the 
brightest objects in our sample. All three are observed to 
be photometrically red. See Section 4 for more on the young 
GCs. 

In summary, within errors, we find that the majority of 
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Table 1. Confirmed globular clusters around NGC 4649. Cluster ID, coordinates, g magnitude and g—i colours are from our GMOS imaging and are 
instrumental magnitudes only. Heliocentric velocities arc from the spectra presented in this work. 



ID R.A. Dec. X Y g g-i V heUo V err 

(J2000) (J2000) (pixels) (pixels) (mag) (mag) (km/sec) (km/sec) 



89 


190 


.983978 


11 


.536740 


1324. 


.96 


478.67 


22 


.72 


1 


08 


1199.2 


43 


.4 


124 


190 


.981033 


11 


.536771 


1339 


.40 


621.02 


21 


.91 


0, 


,88 


833.4 


59 


.6 


68 


190 


.986160 


11 


.539418 


1447. 


.41 


362.65 


22 


.58 


1 


.22 


649.3 


33. 


6 


148 


190 


.977036 


11 


.545153 


1769 


,64 


777.98 


22 


.74 


1 


14 


1184.8 


46 


.8 


175 


190 


.974426 


11 


.531744 


1120. 


.73 


961.31 


22 


.29 


1 


18 


852.3 


37 


.6 


183 


190 


.972626 


11 


.538513 


1461. 


97 


1019.24 


22 


.26 


1 


13 


1299.4 


35. 


,8 


158 


190 


.971558 


11 


.589099 


3957. 


80 


853.95 


23 


,21 


1 


16 


1261.0 


46. 


,0 


360 


190 


.949738 


11 


.594447 


4316 


.58 


1883.79 


21 


,20 





91 


1270.1 


40. 


,1 


329 


190 


.957642 


11 


.538593 


1531. 


.35 


1741.23 


21 


.93 


0, 


88 


1511.2 


65 


3 


277 


190 


.962753 


11 


.548118 


1978. 


.06 


1454.03 


22 


.59 


1 


04 


1299.1 


46. 


,5 


251 


190 


.960129 


11 


.599953 


4542. 


.24 


1358.58 


22 


.29 


1 


09 


1099.7 


43 


,9 


298 


190 


.960342 


11 


.551459 


2153. 


,17 


1556.03 


22 


.58 





90 


1063.0 


52. 


,5 


318 


190 


.959274 


11 


.536565 


1424. 


30 


1671.14 


23 


.08 


1 


.00 


1173.4 


48. 


,6 


606 


190 


.936737 


11 


.548500 


2110. 


.58 


2706.89 


21 


.36 


1, 


.18 


627.0 


39. 


6 


558 


190 


.938461 


11 


.555140 


2430. 


02 


2595.52 


21 


.75 





.74 


1087.8 


50 


,8 


434 


190 


.949310 


11 


.528630 


1077. 


.12 


2185.82 


22 


18 


1 


04 


925.9 


36. 


,6 


462 


190 


.947189 


11 


.532343 


1269. 


.20 


2272.22 


22 


18 





92 


1112.8 


45. 


,4 


517 


190 


.942352 


11 


.539107 


1623 


.47 


2476.30 


22 


.03 


1 


14 


857.2 


56 


3 


412 


190 


.945847 


11 


.582625 


3751. 


.32 


2121.39 


22 


.48 


0, 


95 


483.6 


47. 


.5 


502 


190 


.942627 


11 


.559628 


2632. 


89 


2375.35 


22 


10 


1, 


17 


688.6 


43. 


,5 


640 


190 


.931168 


11 


.586047 


3984. 


.06 


2815.36 


22 


.61 


0, 


,79 


1015.5 


104.5 


740 


190 


.932129 


11 


.529132 


1176. 


86 


3012.11 


21 


.68 





98 


962.1 


44, 


,8 


806 


190 


.929291 


11 


.538971 


1673. 


.81 


3107.00 


21 


.50 


1. 


,18 


1197.4 


46. 


,2 


899 


190 


.927261 


11 


.533805 


1428. 


.31 


3227.10 


21 


.44 





92 


1372.0 


42. 


,7 


975 


190 


.924591 


11 


.539021 


1696. 


.82 


3333.25 


20 


.99 





92 


1052.2 


42 


3 


1063 


190 


.920807 


11 


.535969 


1563 


.10 


3529.46 


21 


.37 


0. 


94 


953.9 


47. 


3 


1011 


190 


.918243 


11 


.596663 


4563. 


36 


3393.26 


21 


.95 





94 


1135.0 


45. 


,7 


1037 


190 


.919540 


11 


.564267 


2962. 


26 


3469.39 


21 


.97 


1 


13 


1017.1 


42. 


6 


1145 


190 


.916580 


11 


.532989 


1434. 


,77 


3745.73 


21 


.60 


1. 


08 


926.8 


47, 


3 


1252 


190 


.910614 


11 


.544307 


2018. 


.25 


3985.40 


21 


.27 


0. 


.89 


1134.2 


47, 


,0 


1384 


190 


.906281 


11 


.550952 


2364. 


,45 


4165.70 


20 


.91 


1 


03 


1122.0 


58. 


,2 


1126 


190 


.918457 


11 


.526026 


1083 


67 


3685.07 


22 


.21 





,90 


1346.1 


47. 


,9 


1298 


190 


.909515 


11 


.536103 


1619. 


00 


4073.00 


22 


.25 


1 


13 


1324.5 


38 


.0 


1211 


190 


.912033 


11 


.544750 


2033 


,87 


3914.83 


22 


.29 


1 


01 


889.3 


69. 


3 


1098 


190 


.914841 


11 


.581110 


3812. 


20 


3623.63 


22 


,27 





,77 


1305.2 


39 


3 


1182 


190 


.911743 


11 


.562973 


2932. 


52 


3850.43 


22 


,32 


1. 


15 


1454.0 


45. 


,1 


1574 


190 


.896591 


11 


.602605 


4950. 


56 


4411.99 


21 


.65 


1 


01 


703.0 


53. 


,9 


1443 


190 


.904984 


11 


.551611 


2402. 


,56 


4225.51 


22 


.65 


1. 


,28 


667.9 


63 


,4 



Globular Clusters in NGC 4649 5 



Table 2. Globular cluster indices A < 4600 A. Indices in brackets are removed during the fitting process. Missing values arc due to limited wavelength 
coverage. Index errors arc presented in Table 3. 



ID 


H<5 A 


H<5p 


CNi 


CN 2 


Ca4227 


G band 


H 7 A 


H7F 


Fe4383 


Ca4455 


Fe4531 




(A) 


(A) 


(mag) 


(mag) 


(A) 


(A) 


(A) 


(A) 


(A) 


(A) 


(A) 


89 


(-8.936) 


(-0.154) 


(0.125) 


(0.165) 


0.448 


5.290 


-1.691 


0.944 


2.259 


1.085 


1.939 


124 


3.226 


2.950 


(-0.008) 


(0.035) 


0.621 


(3.662) 


1.155 


2.004 


1.883 


0.008 


1.310 


68 


(2.165) 


(3.963) 


(0.033) 


(0.101) 


1.045 


5.253 


-5.858 


-0.766 


(8.650) 


2.139 


(5.030) 


148 


(-10.481) 


(-3.591) 


(0.295) 


(0.357) 


1.440 


(2.541) 


(-3.292) 


(0.473) 


6.518 


0.823 


3.553 


175 


(-2.707) 


(-0.900) 


(0.168) 


(0.173) 


1.016 


2.234 


-2.255 


-0.180 


2.729 


2.310 


3.974 


183 


0.270 


0.831 


(0.083) 


(0.051) 


-0.004 


5.785 


-3.500 


-0.165 


4.196 


1.225 


2.247 


158 


-3.139 


-0.488 


(0.180) 


(0.151) 


0.882 


6.213 


-1.419 


0.893 


3.112 


1.406 


3.244 


360 










0.865 


3.528 


-1.488 


0.556 


2.904 


1.068 


2.187 


329 


1.989 


1.520 


(-0.085) 


(-0.078) 


0.305 


(1.784) 


-0.260 


0.830 


2.898 


0.702 


0.928 


277 


(0.415) 


(2.965) 


(-0.070) 


(-0.041) 


0.614 


4.777 


-6.229 


-2.614 


4.175 


0.609 


2.223 


251 












6.561 


-4.919 


-1.155 


2.320 


(0.087) 


2.617 


298 


3.471 


(-1.123) 


(-0.137) 


(-0.142) 


(-1.050) 


0.375 


(3.654) 


(3.162) 


1.359 


(1.426) 


0.426 


318 


(-6.529) 


(-2.985) 


(0.181) 


(0.190) 


1.187 


4.917 


0.321 


1.237 


-1.053 


0.943 


(6.004) 


606 


-0.875 


0.697 


(0.145) 


(0.197) 


(0.401) 


5.062 


-5.650 


-1.572 


4.103 


1.209 


3.229 


558 


3.361 


2.874 


(-0.061) 


(-0.030) 


0.183 


(3.782) 


1.268 


(3.135) 


(3.474) 


0.382 


1.311 


434 


-0.600 


-0.655 


(0.027) 


(0.060) 


0.182 


6.155 


-4.006 


-1.522 


(0.478) 


0.618 


2.909 


462 


0.503 


2.451 


(0.096) 


(0.122) 


1.444 


5.113 


-3.244 


-0.350 


0.392 


0.793 


2.908 


517 


(4.415) 


(4.534) 


(0.043) 


(0.033) 


(-0.051) 


4.880 


-3.174 


-0.156 


2.425 


1.193 


2.759 


412 


0.235 


0.859 


(-0.054) 


(-0.072) 


(-0.867) 


4.880 


-3.487 


0.392 


2.514 


1.509 


1.864 


502 


(-4.873) 


(-1.419) 


(0.209) 


(0.225) 


1.121 


5.483 


-4.837 


-0.666 


4.282 


(0.933) 


4.245 


640 


(1.353) 


(1.588) 


(0.035) 


(0.052) 


(2.221) 


0.728 


(6.237) 


3.149 


-4.268 


1.415 


0.314 


740 


2.822 


3.308 


(0.011) 


(0.027) 


0.617 


3.172 


-0.098 


1.478 


2.720 


0.625 


1.785 


806 


(-5.422) 


(-1.911) 


(0.302) 


(0.361) 


1.077 


(3.982) 


-6.102 


-0.699 


6.163 


1.663 


3.206 


899 


1.250 


1.462 


(0.024) 


(0.068) 


0.831 


4.754 


-2.170 


0.321 


2.233 


0.133 


2.367 


975 


3.233 


2.390 


(-0.030) 


(0.022) 


0.478 


3.632 


-0.767 


0.980 


1.782 


0.150 


2.049 


1063 


0.349 


1.798 


(0.028) 


(0.057) 


0.076 


2.937 


-1.370 


1.176 


3.206 


0.733 


1.619 


1011 












(5.206) 


-1.727 


(1.520) 


3.486 


(-0.183) 


2.550 


1037 


-0.260 


-1.406 


(0.148) 


(0.202) 


(0.405) 


(1.864) 


(-2.044) 


-0.808 


3.080 


0.460 


4.094 


1145 


-0.414 


0.605 


(0.083) 


(0.107) 


0.635 


5.077 


-3.217 


-0.668 


2.842 


1.186 


2.451 


1252 


1.541 


2.265 


(0.048) 


(0.076) 


0.694 


3.673 


-1.594 


0.725 


2.029 


0.125 


1.823 


1384 


(-0.236) 


(1.215) 


(0.068) 


(0.092) 


0.618 


3.596 


-1.039 


0.727 


1.054 


0.569 


2.381 


1126 


(-1.003) 


(1.215) 


(0.078) 


(0.105) 


0.032 


(2.886) 


1.166 


2.330 


(5.764) 


1.223 


0.288 


1298 


(-3.213) 


(1.650) 


(0.131) 


(0.179) 


0.643 


5.052 


-3.889 


-0.447 


4.607 


1.422 


2.993 


1211 


(-2.832) 


(0.173) 


(0.222) 


(0.245) 


1.118 


4.989 


-2.369 


0.862 


2.320 


0.751 


1.741 


1098 


2.101 


1.964 


(0.002) 


(0.018) 


(-1.346) 


3.909 


1.203 


1.692 


-0.399 


-0.643 


1.470 


1182 


-1.099 


0.500 


(0.204) 


(0.231) 


0.705 


3.754 


-4.786 


-0.178 


5.309 


0.547 


1.187 


1574 




















0.443 


2.740 


1443 


(-8.897) 


(-2.203) 


(0.250) 


(0.350) 


1.441 


3.752 


-4.720 


-0.683 


5.693 


(-1.506) 


(0.000) 
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Table 3. Globular cluster indices errors A <4600 A. Missing values arc due to limited wavelength coverage. Index errors are derived from photon noise in 
the unfluxcd spectra. 



ID 


H«5 A 


H<5 F 


CNi 


CN 2 


Ca4227 


G band 


H 7 A 


H7F 


Fe4383 


Ca4455 


Fe4531 




(A) 


(A) 


(mag) 


(mag) 


(A) 


(A) 


(A) 


(A) 


(A) 


(A) 


(A) 


89 


0.822 


0.472 


0.017 


0.020 


0.322 


0.500 


0.539 


0.328 


0.731 


0.356 


0.530 


124 


0.375 


0.253 


0.011 


0.013 


0.204 


0.341 


0.336 


0.208 


0.494 


0.252 


0.368 


68 


0.594 


0.365 


0.017 


0.019 


0.305 


0.492 


0.572 


0.345 


0.616 


0.326 


0.466 


148 


0.851 


0.554 


0.018 


0.021 


0.309 


0.551 


0.566 


0.336 


0.686 


0.369 


0.519 


175 


0.606 


0.413 


0.015 


0.018 


0.261 


0.472 


0.458 


0.293 


0.610 


0.281 


0.420 


183 


0.515 


0.353 


0.014 


0.016 


0.271 


0.399 


0.455 


0.281 


0.571 


0.284 


0.418 


158 


0.989 


0.649 


0.024 


0.028 


0.436 


0.656 


0.729 


0.459 


0.971 


0.478 


0.667 


360 










0.160 


0.273 


0.281 


0.175 


0.383 


0.188 


0.280 


329 


0.397 


0.279 


0.011 


0.013 


0.212 


0.367 


0.351 


0.223 


0.494 


0.245 


0.371 


277 


0.597 


0.368 


0.016 


0.019 


0.304 


0.505 


0.579 


0.381 


0.692 


0.353 


0.515 


251 












0.433 


0.524 


0.331 


0.673 


0.332 


0.459 


298 


0.499 


0.421 


0.015 


0.017 


0.321 


0.493 


0.429 


0.263 


0.692 


0.325 


0.514 


318 


0.730 


0.504 


0.018 


0.021 


0.325 


0.562 


0.582 


0.366 


0.888 


0.428 


0.570 


606 


0.384 


0.257 


0.010 


0.012 


0.181 


0.284 


0.323 


0.204 


0.389 


0.193 


0.277 


558 


0.364 


0.246 


0.011 


0.012 


0.201 


0.328 


0.321 


0.187 


0.454 


0.236 


0.351 


434 


0.514 


0.378 


0.013 


0.015 


0.248 


0.371 


0.438 


0.286 


0.599 


0.286 


0.403 


462 


0.488 


0.310 


0.013 


0.015 


0.220 


0.383 


0.424 


0.267 


0.581 


0.279 


0.406 


517 


0.496 


0.312 


0.014 


0.016 


0.267 


0.387 


0.428 


0.266 


0.569 


0.278 


0.394 


412 


0.561 


0.386 


0.015 


0.018 


0.318 


0.460 


0.519 


0.312 


0.690 


0.328 


0.485 


502 


0.625 


0.414 


0.014 


0.017 


0.248 


0.401 


0.458 


0.283 


0.557 


0.278 


0.391 


640 


0.579 


0.400 


0.016 


0.018 


0.263 


0.522 


0.424 


0.279 


0.798 


0.351 


0.560 


740 


0.362 


0.235 


0.010 


0.012 


0.194 


0.318 


0.317 


0.195 


0.448 


0.228 


0.332 


806 


0.469 


0.313 


0.011 


0.013 


0.187 


0.309 


0.346 


0.206 


0.399 


0.206 


0.302 


899 


0.336 


0.231 


0.009 


0.011 


0.167 


0.276 


0.298 


0.186 


0.404 


0.204 


0.291 


975 


0.257 


0.179 


0.007 


0.009 


0.137 


0.226 


0.232 


0.144 


0.331 


0.169 


0.242 


1063 


0.333 


0.219 


0.009 


0.010 


0.170 


0.278 


0.280 


0.169 


0.382 


0.194 


0.287 


1011 












0.366 


0.404 


0.238 


0.540 


0.284 


0.392 


1037 


0.503 


0.381 


0.013 


0.015 


0.245 


0.412 


0.405 


0.264 


0.542 


0.272 


0.370 


1 1 A c; 


U.4U1 


n 07/1 
U.z / 4 


U.U1U 


U.Ulz 


U. loy 


U.oUz 


U.oo4 


n ii a 
U.zl4 






U.olo 


1252 


0.302 


0.200 


0.008 


0.010 


0.151 


0.255 


0.266 


0.165 


0.372 


0.191 


0.276 


1384 


0.276 


0.184 


0.007 


0.009 


0.135 


0.227 


0.228 


0.143 


0.324 


0.159 


0.231 


1126 


0.491 


0.321 


0.013 


0.015 


0.248 


0.403 


0.387 


0.234 


0.521 


0.273 


0.429 


1298 


0.572 


0.340 


0.014 


0.016 


0.259 


0.410 


0.458 


0.285 


0.568 


0.283 


0.421 


1211 


0.574 


0.376 


0.014 


0.016 


0.243 


0.403 


0.441 


0.267 


0.595 


0.295 


0.438 


1098 


0.473 


0.323 


0.013 


0.016 


0.282 


0.416 


0.407 


0.255 


0.627 


0.326 


0.460 


1182 


0.562 


0.376 


0.015 


0.017 


0.262 


0.441 


0.479 


0.289 


0.579 


0.310 


0.437 


1574 




















0.230 


0.327 


1443 


0.828 


0.524 


0.017 


0.020 


0.298 


0.520 


0.560 


0.347 


0.667 


0.389 


0.532 
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Table 4. Globular cluster indices A >4600 A. Indices in brackets are removed during the fitting process. Missing values are due to limited wavelength 
coverage. Index errors arc presented in Table 5. 



ID 


C4668 


H/3 


Fe5015 


Mgi 


Mg 2 


Mgb 


Fe5270 


Fe5335 


Fe5406 


Fe5709 


Fc5782 




(A) 


(A) 


(A) 


(mag) 


(mag) 


(A) 


(A) 


(A) 


(A) 


(A) 


(A) 


89 


3.089 


(0.060) 


6.110 


(0.022) 


(0.140) 


3.582 


1.318 


2.239 


1.677 






124 


-0.554 


2.540 


2.414 


(-0.023) 


(0.055) 


1.740 


1.433 


1.686 


0.771 






68 


3.689 


1.188 


(2.959) 


(0.030) 


(0.207) 


3.641 


2.867 


(3.201) 


1.719 






148 


4.343 


1.559 


5.026 


(0.021) 


(0.125) 


3.140 


2.632 


1.258 


1.386 






175 


6.261 


1.336 


4.277 


(0.079) 


(0.209) 


3.148 


2.794 


2.074 


1.612 






183 


0.592 


2.337 


4.266 


(0.021) 


(0.149) 


3.265 


2.208 


1.830 


1.233 






158 


2.391 


0.326 


3.733 


(0.010) 


(0.147) 


3.022 


2.638 


1.438 


1.376 


0.823 


1.039 


360 


2.034 


2.574 


3.346 


(0.011) 


(0.093) 


2.057 


1.726 


1.386 


1.017 


0.549 


0.248 


329 


1.044 


2.401 


3.422 


(-0.018) 


(0.059) 


1.844 


1.085 


0.730 


0.342 






277 


1.967 


0.693 


3.140 


(0.047) 


(0.148) 


3.575 


2.039 


1.968 


1.142 






251 


3.537 


1.213 


5.896 


(0.060) 


(0.221) 


4.205 


1.952 


2.026 


1.621 


0.600 


0.666 


298 


-0.013 


2.302 


2.896 


(0.019) 


(0.037) 


1.072 


(1.647) 


1.052 


1.083 






318 


(-5.908) 


0.490 


-1.582 


(-0.032) 


(0.093) 


2.665 


-0.015 


2.098 


1.380 






606 


4.089 


1.486 


4.178 


(0.102) 


(0.242) 


3.531 


(1.912) 


(2.670) 


(1.665) 






558 


-1.369 


2.326 


2.665 


(0.010) 


(0.044) 


(0.671) 


1.889 


1.503 


0.607 






434 


2.491 


1.878 


2.343 


(0.025) 


(0.123) 


2.506 


2.118 


1.852 


0.903 






462 


2.792 


1.203 


(2.264) 


(0.023) 


(0.104) 


2.234 


2.104 


0.806 


0.988 






517 


4.152 


(1.208) 


4.771 


(0.080) 


(0.201) 


3.094 


(3.386) 


1.581 


1.391 






412 


3.400 


(0.110) 


3.138 


(0.041) 


(0.106) 


2.258 


(0.861) 


2.101 


1.017 


0.451 


0.812 


502 


7.967 


2.025 


6.563 


(0.107) 


(0.287) 


5.055 


2.396 


3.027 


1.513 


0.555 




640 


2.724 


2.310 


0.315 


(-0.055) 


(-0.067) 


(-0.753) 


-0.508 


1.176 


(-0.343) 


0.189 


(0.752) 


740 


0.912 


1.340 


(4.897) 


(0.010) 


(0.109) 


2.759 


1.770 


1.713 


0.935 






806 


4.799 


0.995 


(2.748) 


(0.076) 


(0.282) 


(5.771) 


2.819 


2.265 


1.744 






899 


1.132 


1.847 


2.220 


(0.002) 


(0.090) 


2.692 


1.416 


(1.844) 


0.903 






975 


0.648 


2.222 


3.512 


(-0.004) 


(0.083) 


2.330 


1.691 


1.420 


0.711 






1063 


2.715 


2.109 


3.420 


(-0.008) 


(0.086) 


1.769 


1.693 


1.530 


0.959 






1011 


3.098 


1.602 


2.698 


(0.072) 


(0.135) 


(1.685) 


1.984 


0.972 


1.159 


0.508 


0.430 


1037 


(5.808) 


1.082 


5.031 


(0.078) 


(0.233) 


3.307 


2.351 


1.509 


(-0.189) 


(-0.008) 


0.410 


1145 


3.328 


1.800 


5.140 


(0.041) 


(0.182) 


3.746 


2.080 


1.744 


1.449 






1252 


0.854 


2.480 


4.032 


(-0.016) 


(0.084) 


(1.908) 


1.484 


1.480 


0.726 






1384 


(4.074) 


1.862 


2.771 


(0.059) 


(0.150) 


2.590 


1.839 


1.390 


(1.181) 






1126 


0.487 


2.999 


1.284 


(-0.013) 


(0.065) 


1.288 


0.919 


0.772 


0.099 






1298 


1.132 


1.634 


2.884 


(0.014) 


(0.141) 


3.575 


1.882 


1.781 


0.972 






1211 


1.910 


1.433 


2.478 


(0.036) 


(0.192) 


(2.128) 


2.149 


(2.962) 


(1.666) 






1098 


-1.524 


(0.813) 


2.016 


(-0.038) 


(0.041) 


2.144 


1.139 


0.298 


-0.282 


0.883 


0.180 


1182 


5.486 


1.656 


5.991 


(0.103) 


(0.257) 


(5.120) 


1.632 


2.840 


1.048 


(1.795) 


0.985 


1574 


0.993 


1.899 


3.024 


(0.031) 


(0.109) 


(2.388) 


1.254 


0.543 


1.067 


0.395 


0.328 


1443 


6.813 


1.976 


(8.367) 


(0.028) 


(0.217) 


(5.264) 


(0.929) 


(1.110) 


2.288 
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Table 5. Globular cluster indices errors A >4600 A. Missing values arc due to limited wavelength coverage. Index errors are derived from photon noise in 
the unfluxed spectra. 



ID C4668 B./3 Fc5015 Mgi Mg 2 Mgb Fc5270 Fc5335 Fe5406 Fc5709 Fe5782 
(A) (A) (A) (mag) (mag) (A) (A) (A) (A) (A) (A) 



89 


0.746 


0.284 


0.535 


0.006 


0.006 


0.245 


0.283 


0.309 


0.222 






124 


0.539 


0.186 


0.393 


0.004 


0.005 


0.179 


0.199 


0.224 


0.165 






68 


0.702 


0.261 


0.527 


0.005 


0.006 


0.231 


0.247 


0.273 


0.206 






148 


0.743 


0.277 


0.566 


0.006 


0.007 


0.253 


0.278 


0.324 


0.234 






175 


0.595 


0.224 


0.453 


0.005 


0.005 


0.207 


0.221 


0.250 


0.183 






183 


0.615 


0.213 


0.443 


0.004 


0.005 


0.201 


0.220 


0.251 


0.182 






158 


1.010 


0.384 


0.756 


0.007 


0.009 


0.335 


0.358 


0.416 


0.301 


0.223 


0.206 


360 


0.405 


0.144 


0.307 


0.003 


0.004 


0.139 


0.153 


0.173 


0.127 


0.095 


0.090 


329 


0.533 


0.189 


0.400 


0.004 


0.005 


0.183 


0.206 


0.235 


0.172 






277 


0.734 


0.272 


0.558 


0.005 


0.006 


0.239 


0.266 


0.302 


0.223 






251 


0.652 


0.247 


0.487 


0.005 


0.006 


0.218 


0.243 


0.272 


0.198 


0.152 


0.140 


298 


0.737 


0.257 


0.549 


0.005 


0.006 


0.254 


0.272 


0.319 


0.229 






318 


0.984 


0.348 


0.751 


0.007 


0.008 


0.309 


0.363 


0.391 


0.282 






606 


0.406 


0.149 


0.311 


0.003 


0.004 


0.140 


0.152 


0.166 


0.123 






558 


0.523 


0.181 


0.389 


0.004 


0.004 


0.182 


0.194 


0.222 


0.163 






434 


0.584 


0.209 


0.446 


0.004 


0.005 


0.201 


0.221 


0.249 


0.184 






462 


0.591 


0.222 


0.455 


0.005 


0.005 


0.207 


0.227 


0.265 


0.190 






517 


0.563 


0.212 


0.422 


0.004 


0.005 


0.190 


0.199 


0.232 


0.169 






412 


0.707 


0.279 


0.547 


0.005 


0.006 


0.246 


0.276 


0.303 


0.225 


0.170 


0.156 


502 


0.548 


0.209 


0.424 


0.004 


0.005 


0.192 


0.215 


0.235 


0.174 


0.131 




640 


0.774 


0.283 


0.621 


0.006 


0.007 


0.285 


0.316 


0.349 


0.262 


0.188 


0.173 


740 


0.482 


0.174 


0.350 


0.004 


0.004 


0.162 


0.181 


0.206 


0.151 






806 


0.433 


0.164 


0.341 


0.003 


0.004 


0.141 


0.160 


0.180 


0.131 






899 


0.428 


0.154 


0.322 


0.003 


0.004 


0.144 


0.163 


0.183 


0.135 






975 


0.354 


0.125 


0.262 


0.003 


0.003 


0.118 


0.132 


0.150 


0.110 






1063 


0.412 


0.149 


0.310 


0.003 


0.004 


0.144 


0.156 


0.177 


0.129 






1011 


0.566 


0.213 


0.444 


0.004 


0.005 


0.203 


0.214 


0.247 


0.179 


0.135 


0.127 


1037 


0.530 


0.206 


0.414 


0.004 


0.005 


0.185 


0.198 


0.223 


0.169 


0.125 


0.115 


1145 


0.446 


0.164 


0.330 


0.003 


0.004 


0.150 


0.168 


0.190 


0.137 






1252 


0.402 


0.138 


0.290 


0.003 


0.003 


0.136 


0.150 


0.171 


0.126 






1384 


0.323 


0.118 


0.253 


0.002 


0.003 


0.114 


0.127 


0.142 


0.103 






1126 


0.607 


0.203 


0.455 


0.004 


0.005 


0.208 


0.230 


0.262 


0.193 






1298 


0.617 


0.223 


0.458 


0.004 


0.005 


0.198 


0.224 


0.252 


0.186 






1211 


0.624 


0.226 


0.464 


0.005 


0.005 


0.220 


0.230 


0.253 


0.188 






1098 


0.686 


0.255 


0.510 


0.005 


0.006 


0.226 


0.258 


0.299 


0.221 


0.158 


0.155 


1182 


0.608 


0.232 


0.456 


0.005 


0.005 


0.197 


0.226 


0.245 


0.186 


0.133 


0.129 


1574 


0.483 


0.174 


0.369 


0.004 


0.004 


0.166 


0.185 


0.213 


0.150 


0.114 


0.106 


1443 


0.692 


0.263 


0.504 


0.005 


0.006 


0.230 


0.280 


0.311 


0.218 
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Table 6. Derived globular cluster properties. Age, [Fc/H], [E/Fc] and [Z/H] are derived from the x 2 minimisation process, with errors derived by a Monte 
Carlo style method. [Fc/H]^/j is derived according to the method of Brodie &c Huchra (1990) from a reduced sample of indices. 



ID 


Age 


[Fe/H] 


[E/Fc] 


[Z/H] 


{Fe/H] BH 


Notes 




(Gyr) 


(dex) 


(dcx) 


(dcx) 


(dcx) 




89 


2.4±0.6 


-0.29±0.15 


0.36±0.07 


0.05±0.11 


-0.86 




124 


15±6.0 


-1.23±0.16 


0.00±0.20 


-1.23±0.12 


-1.60 




68 


15±4.4 


-0.29±0.13 


0.12±0.11 


-0.18±0.08 


-0.53 




148 


14.1±5.1 


-0.34±0.13 


0.12±0.10 


-0.23±0.09 


-1.13 




175 


2.4±0.4 


0.04±0.11 


0.12±0.09 


0.15±0.09 


-0.51 




183 


8.9±2.7 


-0.63±0.12 


0.32±0.10 


-0.33±0.11 


-0.73 




158 


7.9±3.6 


-0.45±0.21 


0.18±0.18 


-0.28±0.17 


-0.78 


Low S/N 


360 


7.1±2.1 


-0.87±0.11 


0.21±0.07 


-0.68±0.11 


-1.32 




329 


11.9±2.1 


-1.47±0.15 


0.42±0.15 


-1.08±0.09 


-1.55 




277 


15±2.7 


-0.50±0.12 


0.24±0.10 


-0.28±0.07 


-0.75 




251 


15±2.7 


-0.58±0.10 


0.46±0.08 


-0.15±0.07 


-0.34 




298 


15±6.5 


-1.14±0.22 


-0.30±0.18 


-1.43±0.15 


-1.74 


NGC 6171 Analog 


318 


12.6±4.4 


-1.75±0.20 


0.80±0.14 


-1.00±0.17 


-1.41 


Low S/N 


606 


15±2.4 


-0.45±0.10 


0.24±0.07 


-0.23±0.05 


-0.33 




558 


15±6.1 


-1.02±0.15 


-0.30±0.15 


-1.30±0.11 


-1.25 


Stripped Dwarf? 


434 


12.6±2.6 


-0.60±0.12 


0.21±0.08 


-0.40±0.09 


-0.63 




462 


12.6±3.7 


-1.03±0.13 


0.46±0.09 


-0.60±0.12 


-0.90 




517 


5.6±1.7 


-0.46±0.15 


0.30±0.10 


-0.18±0.10 


-0.70 




412 


7.9±3.2 


-0.57±0.16 


0.18±0.13 


-0.40±0.16 


-1.07 




502 


3.0±0.8 


0.17±0.11 


0.38±0.05 


0.53±0.11 


-0.39 




640 


13.3±4.6 


-2.83±0.40 


0.80±0.38 


-2.08±0.25 


-2.60 


Very low mctallicity 


740 


15±5.4 


-1.33±0.14 


0.40±0.10 


-0.95±0.12 


-1.14 




806 


11.2±2.1 


-0.10±0.09 


-0.03±0.11 


-0.13±0.08 


-0.13 




899 


11.9±2.1 


-1.25±0.11 


0.53±0.10 


-0.75±0.08 


-1.13 




975 


15±4.7 


-1.32±0.09 


0.42±0.08 


-0.93±0.06 


-1.19 




1063 


7.5±2.4 


-0.72±0.13 


-0.09±0.12 


-0.80±0.10 


-1.22 




1011 


15±4.1 


-1.01±0.14 


0.36±0.24 


-0.68±0.18 


-0.66 




1037 


15±2.9 


-0.58±0.12 


0.30±0.09 


-0.30±0.07 


-0.43 




1145 


8.4±1.8 


-0.53±0.09 


0.38±0.06 


-0.18±0.06 


-0.69 




1252 


8.4±2.3 


-1.08±0.11 


0.30±0.10 


-0.80±0.10 


-1.53 




1384 


15±5.2 


-1.26±0.14 


0.46±0.08 


-0.83±0.12 


-0.95 




1126 


8.9±2.5 


-2.18±0.28 


0.59±0.24 


-1.63±0.19 


-1.63 




1298 


15±3.5 


-0.82±0.12 


0.42±0.10 


-0.43±0.09 


-0.89 




1211 


15±4.8 


-1.18±0.17 


0.56±0.19 


-0.65±0.14 


-0.74 




1098 


15±2.6 


-2.00±0.13 


0.80±0.12 


-1.25±0.08 


-1.72 




1182 


5.3±1.4 


-0.07±0.12 


-0.06±0.14 


-0.13±0.09 


-0.73 




1574 


11.9±2.6 


-1.33±0.14 


0.40±0.24 


-0.95±0.15 


-1.23 




1443 


2.1±0.6 


0.57±0.16 


-0.21±0.10 


0.38±0.17 


-1.06 
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Figure 2. Brodic-Huchra mctallicity is shown against SSP mctal- 
licity. The open points are GCs for which the \ 2 fits are uncertain. 
This plot shows a general trend of agreement for the majority of 
GCs. Young GCs are shown as square symbols. The clear outlier 
is GC 1443 where there are both strong and weak metal indices 
present in the spectrum. 
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Figure 3. Alpha element abundance ratio vs mctallicity. The 
open points are GCs for which the \ 2 fits are uncertain and the 
squares are young GCs. There appears to be a strong trend of 
decreasing [E/Fe] with increasing [Fe/H]. However the signifi- 
cance of this trend is highly dependent on the low metallicity 
GCs ([Fe/H]<-1.5) for which [E/Fe] is very difficult to determine. 



GCs are consistent with an old age (> 10 Gyrs). There are 
two GCs with potentially intermediate ages ~5 Gyrs, three 
GCs that are definitely young (2-3 Gyrs) and another GC 
that is most likely young. 

One means to test our SSP-derived metallicities is to 
compare them with those derived by the Brodie & Huchra 
(1990; BH) method, which was originally calibrated to old 
stellar populations. Fig. 2 shows good agreement for the 
SSP-derived metallicities of old GCs and estimates from 
the BH method. One would expect the BH method to give 
lower metallicities for young stellar populations. However, 
the "young" objects (ages <5 Gyrs), while systematically 
offset from the one-to-one line by ^0.5 dex, are within the 
scatter of the full sample. 

A clear trend of decreasing [E/Fe] with increasing 
[Fe/H] is seen in Fig. 3. For GCs associated with NGC 3379, 
Pierce et al. (2005b) used the index-index plots to confirm 
the suggestion of a trend in the \ 2 fit a-element abundances. 
Similar index-index plots for NGC 4649 GCs do not show 
the trend that is seen in the fitted parameters. In the case 
presented here there is the added complication of age differ- 
ences between GCs, whereas the NGC 3379 GCs of Pierce 
et al. (2005b) were found to be universally old. It should be 
noted that we find no trend of a-element abundance ratios 
with age. 



4 DISCUSSION 

One of the more important factors for the \ fitting analysis 
used in this work is the determination of errors. Uncertain- 
ties in the background subtraction of sky and galaxy light 
introduces Lick index errors in addition to the easily quan- 
tifiable Poisson noise. The relative effect of these errors in- 
creases for fainter GCs, so in reality not only do fainter GCs 



have larger index errors, but also those errors are increas- 
ingly underestimated. 

Assuming Gaussian errors due to photon noise, 95% of 
measurements should be within 2a. For most objects we 
measure ~16 indices, which means that when we apply a 
2cr clip, only 1 index measurement should be excluded on 
average per object. For the application of \ 2 fitting to ex- 
tragalactic GCs this is clearly not the case as we are often 
forced to exclude 3-7 indices at greater than 3<r before a sta- 
ble result is obtained. Here we are also assuming that the 
SSP models are perfect. Both flux calibration and calibra- 
tion to the Lick system introduce further errors and uncer- 
tainties. 

The main manifestation of these unaccounted for er- 
rors is the increased difficulty in constraining ages and a- 
element abundance ratios for fainter GCs. In general, metal- 
licities are less susceptible to these effects because of the 
large number (>10) of predominantly metallicity sensitive 
indices available. By contrast, there are only 3 primarily 
age indicators (i.e. the H/3, H7 and H<5 lines) and only a few 
strongly sensitive a-element indices. 

This underestimation of errors probably occurs in all 
extra-galactic GC samples. For example, the large and ho- 
mogeneous sample of Puzia et al. (2004) has index errors 
that appear underestimated by up to a factor of 2 based on 
the scatter in index-index plots. The \ 2 fitting method we 
apply is immune to this effect as long as the errors are uni- 
formly underestimated by the same factor across all indices. 
However, it is unlikely this is the case as sky subtraction and 
galaxy light subtraction could affect every index differently. 
Despite these uncertainties, the x fitting method applied 
in this work appears to be robust to problems with individ- 
ual indices. GCs strongly affected by error underestimation 
are easily identified during the fitting process. Modelling er- 
rors including horizontal branch morphology and a-element 
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abundance prescriptions are also factors in the imperfect 
matching of observed data to the SSPs. 

At least 3, and possibly 4, GCs are found to be young 
(2-3 Gyrs old) out of our sample of 38. This proportion is 
similar to the 2 young GCs from a sample of 10 found by 
Forbes et al. (2001) for NGC 1399, another large cluster el- 
liptical with no signs of recent star formation. A 2-3 Gyr old 
central burst of star-formation that is approximately 10% by 
mass of the underlying old 10-14 Gyr population will cause a 
significant change to the spectral indices of the galaxy (e.g. 
Proctor et al. 2005). This has not been reported for the 
NGC 4649 galaxy light itself. Indeed, Terlevich & Forbes 
(2002) find the central stellar population of NGC 4649 to 
be ~11 Gyrs old. There are no observations to suggest a 
significant recent burst of star-formation in NGC 4649 (the 
UV SED work of Magris & Bruzual (1993) suggest minor 
on-going star- formation). Do these young GCs suggest that 
some of the GCs associated with large cluster gEs are not 
formed in that galaxy? Two of the young GCs (87 and 175) 
are at large projected galacto centric radii (see Fig. 4). These 
GCs are on the opposite side of NGC 4649 to the nearby 
companion spiral NGC 4647 (see Fig. 1 of Bridges et al. 
2006). 

This result raises several possibilities, firstly that there 
was minimal galaxy star formation when these young GCs 
were formed and therefore GCs do not trace star formation 
particularly well. This would be contrary to what is com- 
monly observed in other systems. Secondly, that our sam- 
pling is not representative of the overall GC population. This 
possibility is difficult to rule out. Thirdly, that GC accre- 
tion is a common enough process for large ellipticals that 
the GC system is "contaminated" by GCs formed in other 
galaxies and therefore the GC system is a complex trace of 
a combination of star-formation and galaxy assembly. More 
accurate ages and a-element abundance ratios are necessary 
to distinguish between local formation of the young GCs in 
massive ellipticals or accretion from nearby galaxies with 
more recent star-formation. 

Our plot of a-element ratio with metallicity (Fig. 3) is 
the most visually compelling indication of a trend of decreas- 
ing [E/Fe] with increasing [Fe/H] in the literature to date. 
A similar trend is seen less clearly in Pierce et al. (2005a) 
for NGC 1052 GCs, Puzia et al. (2005) for a sub-sample 
of bright GCs from 5 galaxies and Pierce et al. (2005b) for 
NGC 3379 GCs. 

Not all observers find the same trend in a-element ra- 
tio's. Strader et al. (2004a) examine NGC 3610 GCs and 
appear to find an inverse trend to that presented in our Fig. 
3. Based on a comparison of Mgb vs <Fe> they find the 
majority of GCs to have solar or sub-solar a-element ratios. 
Four of the metal-rich GCs appear to have abundance ratios 
of +0.3 dex; interestingly two of these are old and two arc 
young. 

Olsen et al. (2004), with a sample of 6 GCs associated 
with Sculptor group galaxies, find 4 metal-poor ([Fe/H]<- 
1) GCs with abundance ratios around [a/Fe]=-0.3 and 2 
metal-poor GCs with approximately solar abundances (see 
Fig. 8 of Olsen et al. 2004). This is derived from the ratio 
of Mgb/<Fe>. We suggest, based on their Fig. 6, that the 
calibration to the Lick system of Mgb and Fe5335 for their 
data may be a problem. 

It is worth noting that a-element abundance ratio's are 
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Figure 4. A plot of age vs projected galactoccntric radii. The 
open points are GCs for which the \ 2 fits are uncertain and the 
squares are young GCs. There is no obvious trend with radius. Of 
interest are the two young GCs at large projected galactoccntric 
radii ~17-20 kpc. 



poorly constrained for low metallicities and it is therefore 
possible to argue that within errors the current larger sam- 
ples, Pierce et al. (2005a,b) and Puzia et al. (2005), are con- 
sistent with a universal value of [E/Fe]=+0.3 (consistent 
with Galactic a/Fe measures). The majority of GCs with 
well constrained a-element abundance ratio's are relatively 
consistent with this value within errors. The trend seen in 
all 3 data sets may then be attributed to modelling effects 
in the Thomas et al. (2004) models used for all these cases. 

A rough order of magnitude estimate can be made of 
the S/N required to differentiate the a-element abundance 
ratios of metal-poor GCs. The expected difference in Mgb 
between solar abundance and [E/Fe]=+0.3, for a 10 Gyr 
[Fe/H]=-1 TMK04 model, is 0.237 A. To be able to observe 
a difference of this magnitude spectra with S/N correspond- 
ing to H/3 errors of ~0.13 A are required. For the sample 
presented here, only two GCs are sufficiently bright to reach 
that accuracy. Calibration to the Lick system and accurate 
flux calibration are necessary to make possible the detailed 
exploration of a-element abundance effects at low metal- 
licities. To completely resolve the differences in a-element 
abundance ratios currently measured, spectra of substan- 
tially higher S/N than the current samples are required. 

Considering index and index error uncertainties dis- 
cussed at the beginning of this section we suggest that fur- 
ther work will be necessary to confidently determine if the 
metallicity a-element abundance ratio trend we observe is 
real or if it is an artefact of SSP modelling, x 2 fitting and 
observation calibrations, both flux and to the Lick system. 



5 CONCLUSIONS 

We present ages, metallicities and a-element abundance ra- 
tios for 38 GCs around NGC 4649 based on our Gem- 
ini/GMOS spectra. These were derived by applying the 
multi-index \ 2 minimisation method of Proctor & Sansom 
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(2002) to the SSP models of Thomas et al. (2004). Close 
agreement is found with metallicity estimates derived ac- 
cording to the Brodie & Huchra (1990) method, with the 
young GCs systematically offset by a small amount (~0.5 
dex) as expected. We find 3, possibly 4, GCs with ages of 
approximately 2 Gyrs, two of these are at large galacto- 
centric radii (17-20 kpc). The a-element abundance ratio 
decreases with increasing metallicity. 

The young GC fraction (<10%) is consistent with the 
picture presented by "frosting" models of recent minor star 
formation in ellipticals (Trager et al. 2000). In this particular 
case, noting the large galactocentric radii of 2 of the young 
GCs and the lack of evidence for recent star formation in 
the galaxy itself, it is quite possible that the young sub- 
population was not formed natively, but instead has been 
accreted. 
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